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TUDIES of the effect of changes of Mg concentration on the shape and duration of the mammalian ventricular transmembrane action potential are limited to observations by Hoffman and Suckling. 1 They found that, in the presence of a normal Ca concentration, an excess and deficiency of Mg had little effect on the action potential of the papillary muscle of the dog. At times, the plateau of the action potential was slightly prolonged by low Mg and slightly shortened by high Mg concentration. In the presence of an elevated Ca concentration, changes in Mg concentration were completely ineffective. However, when Ca concentration was lowered to one-tenth of normal, the effects of Mg were intensified in two ways: (1) a concentration of five times normal Mg shortened the plateau in the same manner as with Ca excess, and (2) complete omission of Mg prolonged the pleateau, already increased by Ca depletion, from a normal value of 100-150 msec, to 1,000 msec, or more. These observations suggest that the electrocardiogram (EGG) of a hypocaleemic animal or man should also be modified by changes in Mg concentration. However, such studies of the ECG are not available.
Effects of Mg deficiency in the presence of normal Ca on the ECG have been studied in dogs depleted of Mg by means of dialysis, and it was found that reduction of external Mg concentration to less than half of normal Received for publication January 31, 1961. concentration failed to produce any ECG changes. 2 This agrees with previous observations 3 that Mg-free solution had no effect on the electrogram of the cat's papillary muscle strip.
Effects of Mg excess have been studied in more detail. A direct depressing effect on the sinus node, A-V conduction, and intraventricular conduction was observed in atropinized and nonatropinized dogs, 2 ' 4~8 cats, 9 " 11 rabbits, 12 rats, guinea pigs, 9 and isolated guinea pig hearts. 13 Rapid intravenous injection of 10 ml. of 10 per cent and 20 ml. of 20 per cent MgSO 4 failed to produce any major alteration of ECG in man.
14 ' ir> This may be due to the fact that Mg concentration in blood after injection was not high enough, since the first noticeable effect of Mg on A-V conduction occurs at concentrations of 3 to 5 mM/L., 10 
"
18 while cardiac arrest occurs at 15 to 22 niM/L.; 7 ' 8 ' 17 ' 18 the latter concentrations are considerably above those at which spontaneous respiration ceases. 19 The effects of Mg excess and deficiency on contractility are probably not very great. No changes in the myogram of papillary muscle strips were found with omission of Mg or a 10-fold increase of Mg concentration. 3 A slight decrease in contractility of isolated guinea pig hearts was found after an increase of Mg from 0 to 4.7 mM/L. 13 This investigation was carried out in order to explore systematically the effects of high and low Mg concentrations on various properties of the entire mammalian heart over a wide range of Ca concentrations. perfusion with solutions containing varying concentrations of potassium and calcium produced a rapid evolution of specific electrocardiographic patterns identical with those characteristic of corresponding electrolyte imbalance in man. Correlation of these patterns with simultaneously recorded transmembrane action potentials helped in interpreting many of the electrocardiographic changes in terms of electrical changes at the cellular level. In this study, it was hoped that similar information concerning the effect of magnesium could be obtained.
Methods
The method of perfusion of isolated rabbit hearts, as well as the recording of electrocardiograms, monophasic action potentials (MAP) with suction electrodes, and ventricular pressures, was described elsewhere. 21 In several experiments, transmembrane action potentials were recorded with flexibly mounted microelectrodes (tip diameter 0.5 fx. or less, resistance 10 to 20 megaohms) simultaneously with the MAP's, and the duration and shape of both traces were identical when the recording was technically satisfactory. 22 The standard perfusion Krebs-Henseleit solution 21 contained 143 111M Xa, 5.8 mil K, 2.5 111M Ca, and 1.3 m l Mg in 1-L., in addition to chloride phosphate, bicarbonate, and dextrose. All perfusing solutions were maintained at 37 C. and equilibrated with 95 per cent O 2 and 5 per cent CO 2 -The coronary flow, measured by means of rotameters, was kept constant during each perfusion experiment within the limits of 10 to 30 (usually 15 to 20) ml./min. by changing the perfusion pressure, unless otherwise indicated. Ninety perfusion experiments were carried out in 29 rabbit hearts.^ The duration of perfusion ranged from 90 seconds to one hour. Changes in the concentration of various ions were accomplished by varying only the amount of the stock solution of these particular ions, since the changes in osmolality were negligible. The pH of all solutions remained within a physiological range.
The concentrations of Ca and Mg in the standard solution will be designated as "normal." The low and high Ca and Mg concentrations will be expressed as multiples or fractions of the normal concentration.
_ , Results
Varying Concentrations of Mg in the Presence of Normal Ca
During eight perfusions without Mg lasting up to 22 minutes, no changes were found in the ventricular pressure, shape and duration of the ventricular action potential, heart rate, P-R interval, or shape and duration of the atrial and ventricular complex in the ECG ( fig. 1A ).
Eleven perfusions, lasting up to 10 minutes, were carried out with solutions containing 2, 4, 8, and 16 times normal Mg concentration. There was an apparent decrease in coronary resistance, because the flow increased in all instances. An increased coronary flow after raising Mg concentration in the perfusion was observed previously by several investigators 6 ' 2 3 ' 2 4 and may be caused by a direct vasodilating effect of magnesium ions. 23 The amplitude of the ventricular pressure curve showed only minor changes, but in some experiments where the increase in coronary flow was especially great and not compensated by changing the perfusion pressure, this am- Volume IX, Julv 1961 plitude increased. This increase was attributed by us to the increased coronary flow and bradycardia. There was always a slowing of the sinus rate, prolongation of the P-R interval and widening of the QRS complex. The shape of QRS complex remained unchanged in solutions containing up to 8 times normal Mg concentration, but in the solution containing 16 times normal Mg concentration, a wide S wave appeared. The shape and duration of the ventricular action potential remained unchanged, but during the development of intraventricular conduction disturbance, the upstroke of the MAP was preceded by a wide Q-wave-like deflection signifying a delayed activation of the area under the suction electrode.
Varying Concentrations of Mg in the Presence of Low Ca
Eighteen perfusions with Ca-free solution and normal Mg concentration for a period up to 25 minutes produced changes as previously described 21 ( fig. 2 ). The ventricular pressure began to decrease almost instantaneously, and after one-half to three minutes, no pressures were recorded. The sinus rate usually underwent a slight slowing. The P-R interval was usually unchanged, occasionally slightly prolonged. There was a 25 to 50 per cent decrease of the amplitude of the P wave and of the QRS complex, and frequently changes in the R/S ratio. The maximal prolongation of the Q-T and Q-aT (beginning of QRS to apex of T) intervals occurred at 30 to 90 seconds, after which these intervals began to shorten progressively. The T wave became more pointed and often reversed its polarity. The changes in the duration of the S-T segment and Q-T interval were parallel to the changes in the duration of the plateau of the MAP, while changes in the shape and polarity of the T wave were parallel to the gradual increase in the steepness of the descending limb (phase 3) of the MAP. There were no disturbances of cardiac rhythm with the exception of one heart which developed nodal ectopic tachycardia. There was no difference between the results with Ca-free solutions and Circulation Research, Volume IX, July 1961 solutions containing one-sixteenth of normal Ca concentration, except a slightly slower course of events with the latter solution.
Magnesium was omitted from the Ca-free solution in six perfusions lasting up to 27 minutes ( fig. 3) . Changes in the ventricular pressure, sinus rate, P-R interval, amplitude of the P wave, amplitude and axis of QRS complex, and shape and polarity of the T-wave were the same as during perfusions with Cafree solutions with normal Mg concentration. However, the duration of S-T segment and Q-T interval underwent a progressive lengthening until the entire cardiac cycle was occupied by the Q-T interval. The MAP also underwent a progressive increase in the duration and decrease in slope of the plateau. The increase in the steepness of the descending limb (phase 3) took place in the same manner as during perfusions with Ca-free solutions with normal Mg concentration. There were no cardiac arrhythmias until the Q-T duration approached the duration of the cardiac cycle. At this time, there appeared premature atrial beats on one occasion, atrial tachycardia on two occasions, and ventricular fibrillation on one occasion.
Fourteen perfusions were carried out with solutions containing no calcium or one-sixteenth of normal Ca concentration and onehalf, one-fourth, one-eighth, and one-sixteenth of normal Mg concentration. The changes with one-fourth to one-sixteenth of normal Mg concentrations were the same as with Mg-free solutions, but they occurred less rapidly. However, with one-half of normal Mg concentration, the prolongation of S-T segment, Q-T interval, and the plateau of the MAP continued, in the majority of experiments for one-half to one and one-half minutes only; these intervals then remained unchanged for a period up to six minutes. In a few experiments there was a progressive widening of the intervals but of lesser degree than with more Mg-defieient solutions.
Nineteen perfusions with Ca-free solutions containing 2 to 16 times normal Mg concentrations were carried out ( fig. 4) . Changes in ventricular pressure in amplitude of the P wave, and in amplitude and axis of QRS complex were the same as with perfusions with Ca-free and normal or low Mg. The slowing of the heart rate and prolongation of P-R were more pronounced, while changes in T wave polarity were somewhat less pronounced. The most pronounced differences were noted in the duration of the S-T segment, and the Q-T and Q-aT intervals, as well as in the duration of the plateau of the MAP. The higher the Mg concentration employed, the less pronounced was the maximal lengthening of these intervals, the earlier was the onset of the secondary shortening, the more rapid was its progress, and the greater was its magnitude. During some perfusions with solutions containing 8 or 16 times normal Mg, the widening of the intervals failed to appear altogether.
Varying Concentrations of Mg in the Presence of Excess of Ca
Fifteen perfusions with solutions containing two to four times normal Ca and normal Mg concentrations were carried out for a period up to 12 minutes ( fig. IB) . There was an almost instantaneous increase in the ventricular pressure, and a rapid progressive shortening of the S-T segment and of the plateau of the monophasic action potential, until both disappeared after about one-half to two minutes of perfusion. The heart rate remained unchanged or became slower, and there were no other significant changes in the ECG except a frequent increase in the amplitude of the T wave.
Three perfusions with solutions containing two and one-half times normal Ca concentration and no Mg, for periods up to 13 min- 30' 60" 90"
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Figure 4 Abbreviations: see figure 1. Note a slight increase in the duration of Q-T expressed as per' cent of R-R and of the MAP for 30 seconds followed by a marked decrease.
utes, showed essentially the same results as perfusions with high Ca and normal Mg concentration ( fig. 1C ).
Return to Normal Solution
All of the described changes were completely reversible when perfusion with standard solution was resumed. After longer perfusions, the return to normal configuration required more time. The most rapid changes occurred usually during the first 20 seconds after return from calcium-free solutions to solutions containing normal concentration of calcium ( fig. 5 ). After perfusions with calcium-and magnesium-deficient solutions, the duration of plateau of the MAP and of the Q-T interval underwent gradual shortening and, after perfusions with solutions deficient in calcium and high magnesium, these intervals underwent gradual lengthening. After perfusion with calcium-deficient solutions containing normal concentration of Mg, the changes consisted at first of prolongation and then of shortening in a manner suggesting a reversal of the order of appearance (fig. 5) . The configuration and polarity of the T wave usually underwent a much more sudden change than the duration of the Q-T interval. These T-wave changes usually coincided with the first appearance of a recordable ventricular pressure curve.
The role of Mg in modifying the duration of the MAP and Q-T interval is well illustrated during rapid changes from calcium- and magnesium-deficient solutions to calciumdeficient solutions with high Mg concentration, and return to calcium-and magnesium-deficient solutions. During such experiments, rapid successive lengthening and shortening of the MAP and the Q-T interval could be produced several times in succession.
Changes in the Magnitude of the Resting and Membrane Action Potential
We have observed no significant changes in the resting membrane potential (RMP) during perfusions with calcium-free solutions with or without magnesium, but the number of successful penetrations of microelectrodes was limited. The height of the action potential and the overshoot (OS) decreased during perfusions with calcium-and magnesium-deficient solutions ( fig. 6B) . A further decrease occurred during perfusion with calcium-deficient solutions containing high magnesium concentrations at the time of appearance of intraventricular conduction disturbance ( fig.  6C ). Other authors found at low Ca concentrations a slight reduction of OS and no change in RMP with or without Mg in dog papillary muscle, 1 but no change in RMP and OS in the toad ventricle. 26 In the frog ventricle, RMP decreased by 5 per cent and OS by 12 per cent in the absence of Ca and Mg. Suckling that Mg alters the duration of the ventricular action potential only in the presence of calcium deficiency. 1 Similar results were also recently reported by Poh 20 who found no changes in the duration and shape of the ventricular action potential (AP) of a toad with high Mg and an increased duration of the ventricular AP of a dog when Mg was removed from a low-calcium solution. From these results, it can be concluded that the action of Mg on the plateau of the AP is similar to the action of calcium, but the activity of Mg is very low or absent unless Ca concentration is reduced. When this occurs, Mg shortens the plateau. Figure 7 illustrates this in a diagram constructed from data obtained in a series of perfusions on two different hearts. In order to explain our observation that during perfusion with calcium-deficient solutions with normal Mg there is at first a lengthening, and then a shortening of the plateau,* it must be postulated that Mg be-*Other authors have not found the terminal shortening of the action potential on reducing the calcium concentration because either the perfusion solutions used by them contained no magnesium 17 comes active only after Ca concentration falls below a certain critical level. This relation between calcium and magnesium ions somewhat resembles the relation between the actions of these two ions on the release of acetylcholine at the motor-nerve terminals where calcium counteracts the activity of magneHigh Mg concentrations not only completely abolish the effects of calcium deficiency on the plateau, but even reverse it, leading to shortening of the plateau. It is of interest that excess of strontium can also substitute for Ca in its action on the plateau. 20 We were not able to produce complete disappearance of the plateau as seen with excess of calcium, even with concentrations of Mg as high as 16 times normal. Rapid development of bradycardia, atrioventricular and intraventricular conduction disturbances makes it difficult to study the effect of high Mg concentrations on the ventricular action potential for sufficiently long periods of time. Appearance of such conduction disturbances has never been observed as a result of comparably high calcium concentrations and must be attributed to a separate, potassium-like effect of magnesium.
From the standpoint of Hodgkin's ionic theory of electrical activity, the effect of calcium can be explained best by assuming that it competes with sodium for the sodium carrier in the cell membrane. 29 This concept would explain the prolongation and decrease in slope of the plateau of the action potential in low Ca solutions, as the slope of this plateau is thought to depend largely on the rate of decrease of inward sodium current through exhaustion of available free carrier ("inactivation"). The interaction between Ca and Mg can then be explained by assuming that Mg also competes for the sodium carrier.
Our observations have shown in all instances a parallelism between the duration of the plateau of the action potential and the S-T segment. The increase in slope of the descending limb of the action potential (phase 3) coincided with changes in polarity and shape of the T wave. Thus, all S-T and T-wave changes in the ECG could be explained on the basis of alteration of the shape and duration of the action potential. These changes in the isolated rabbit hearts do not differ from the effects of deficiency and excess of Ca in other animal species and in humans. 17 ' 30 We found that in the presence of calcium deficiency, deficiency and excess of Mg alter the ECG in the same way as they alter the action potential. This finding may be of importance for clinical electrocardiography. Thus, one would expect that in the presence of hypoealeemia the duration of S-T segment and Q-T interval might become prolonged under the influence of hypomagnesemia, and shortened under the influence of hypermagnesemia. That in patients with hypoealeemia the corrected Q-T duration seems to depend almost quantitatively Circulation Retearch, Volume IX, July 1961 on the degree of hypocalcemia 30 and does not show the shortening at very low calcium concentrations found by us in our experiments can be explained by the observation that these patients usually also have a low serum magnesium. 17 On the other hand, Agna and Goldsmith 31 illustrated an ECG of a patient with hypocalcemia and hypomagnesemia in whom administration of Mg caused shortening of the Q-T interval, although Ca concentration remained unchanged. However, we saw no changes of S-T or Q-T duration develop after intravenous administration of 20 ml. of 20 per cent MgS0 4 to a patient with marked hypocalcemia. Further clinical studies are necessary to clarify the quantitative effects of excess and deficiency of Mg on the ECG of hypocalcemic patients.
The depression of contractility caused by calcium deficiency was the same at all studied magnesium concentrations. This points out that the action of calcium on contractility is independent of its action on membrane repolarization, and that Mg cannot substitute for the former. Summary Electrocardiograms, ventricular monophasic action potentials registered with suction and intracellular microelectrodes, and pressure curves were recorded simultaneously in isolated rabbit hearts perfused with oxygenated Krebs-Henseleit solution containing varying calcium/magnesium ratios. The duration of the action potential and Q-T interval was not affected by low and high magnesium concentrations unless calcium was omitted or significantly reduced. When Mg was completely absent, solutions free of calcium or "with one-sixteenth of the "normal" Ca concentration caused a progressive prolongation of the action potential and Q-T interval until they occupied the entire cardiac cycle. When Mg concentration was low (0.075 to 0.6 mM/L.), the prolongation occurred at a slower rate and was less pronounced. With higher Mg concentrations (1.2 to 19.2 mM/L.), the initial lengthening of the action potential and Q-T interval was followed by a gradual shortening. The higher the Mg concentration emCirculation Research, Volume IX, July 1961 ployed, the shorter was the period of the initial lengthening, and the more pronounced was the subsequent shortening. These observations can be best explained by assuming that calcium-like action of Mg on the plateau of the action potential becomes apparent only when Ca is absent or significantly decreased. The depression of contractility by calcium deficiency proceeded at the same rate at all studied Mg concentrations. The findings are discussed in relation to the electrocardiographic patterns encountered in clinical calcium and magnesium deficiency.
